A B S T R A C T Lung clearance of Diplococcus pneumoniae was markedly reduced in rats with acute hemorrhagic pulmonary edema produced by instillation of hydrochloric acid. Bacterial clearance was enhanced in both control and acid-instilled animals by pretreatment with a bacteriostatic antibiotic, tetracycline, 30 mg/kg. From these data the contributions of bacterial multiplication and bacterial elimination to net lung bacterial clearance were estimated. In control animals the constant for exponential bacterial elimination was -1.4283 (fractional clearance = 76% per h), and the doubling time for the pneumococcus was 170 min. In acid-instilled rats the elimination constant was -0.5336 (fractional clearance = 41% per h), and the doubling time of the pneumococcus was 47 min, approximating the doubling time of 42 min observed with pneumococci grown in broth.
INTRODUCTION
Pulmonary defense mechanisms against bacteria have been studied by exposing experimental animals to aeroReceived for publication 25 sols containing bacteria and observing the decrease of viable organisms remaining in the lungs with time, a process termed "lung bacterial clearance" (1) (2) (3) (4) . Decreased clearance, or a lesser decrement in the number of viable bacteria in the lung, has been demonstrated in animals with experimentally induced disease states (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Bacterial multiplication in the lung has been assumed to be an insignificant factor during such studies (16) , except in those studies in which the number of bacteria in the lungs increased with time (14) .
The contributions of bacterial killing and in vivo bacterial multiplication to the clearance of Diplococcas pneumoniae from the rat lung were examined in the present study; the data indicate that multiplication of the pneumococcus significantly reduces the observed net clearance of the organism from the lungs of normal animals. Further, both decreased killing and enhanced multiplication contribute to the markedly impaired net clearance of pneumococci from rat lungs damaged by hydrochloric acid.
METHODS
White male Sprague-Dawley rats, weighing between 200 and 250 g, were lightly anesthetized with ether. In half of the animals the cervical trachea was exposed and 4.0 ml/kg of 0.1 HCl (pH 1.0) was injected into the lungs. 4 h after recovery from anesthesia the animals were exposed to the bacterial aerosol, D. pneunoniae, type III, was grown overnight in 1,000 ml of Todd-Hewitt broth, centrifuged, washed, and resuspended in sterile distilled water. The final concentration of this slurry was 4.4 X 107-6.5 X 108 (mean 3.9 X 108) bacteria per ml. The aerosol was generated from this slurry by a Collison nebulizer in a recirculating Henderson Groups of animals were sacrificed immediately, and at 1, 2, and 4 h postexposure (To, T1, T2, T4). Sacrifice was performed by cervical subluxation and cross-clamping of the neck to prevent agonal aspiration of oropharyngeal contents. The thorax was washed with 70%o ethyl alcohol, opened aseptically, and the lungs removed at the hila. A small portion of one lung of each animal was removed for histological study. The remainder of both lungs was weighed, homogenized with a mortar and pestle in 2.0 ml of sterile water, and 0.1 ml of serial 10-fold dilutions of the homogenate was spread on blood agar plates. After 24 h incubation in 5% CO2 in air at 370C colonies of pneumococci were enumerated. Counts from all plates containing pneumococci were averaged to obtain a final quantitation for each animal which was corrected for dilution and expressed as the number of bacteria per both lungs.
The number of viable bacteria in the lungs of To animals varied between studies due to differences in the concentration of bacteria in the aerosol and to differences in the breathing pattern of individual animals. To pool results of different studies the following normalizing procedure was performed (1 (17) .
Growth curves of the challenge organism were determined in vitro by inoculating samples of a slurry prepared for nebulization into fresh Todd-Hewitt broth. Duplicate 1-ml samples were obtained from this broth after inoculation and at 30-min intervals for 5 h. The logarithmic growth rate was determined from the change in bacterial concentration between 2 and 4 h after inoculation. Bacterial concentration was plotted against time on semilogarithmic paper and the duration of the lag phase between inoculation and logarithmic growth phase was calculated from the intercept of the extrapolated slope of log phase growth with the base line initial concentration. Growth of the organism in Todd-Hewitt broths containing tetracycline, ranging in concentration from 1 to 20 yg/ml, was evalu- In the four studies performed without tetracycline pretreatment, the mean initial bacterial deposition was 1.46 X 10 in the control and 1.6 X 105 in the acid group. In the three studies performed with tetracycline pretreatment, the mean initial bacterial deposition was 6.5 X 10' in control animals and 7.9 X 10' in acid-instilled animals. Neither the differences between control and acid-instilled groups nor the differences between the tetracycline and nontetracycline groups were significant. The viable intrapulmonary bacteria found in each group at 0, 1, 2, and 4 h postexposure are shown in Table I .
The change in R with time is plotted for each group in Fig. 1 . Bacterial clearance was most rapid in tetracycline-treated control animals (B); R at 4 h was significantly lower in this group than in control animals without tetracycline (A) (P < 0.05). Acid-instilled animals (C) showed markedly diminished clearance; differences from controls (A) were significant at 2 (P < 0.05) and 4 h (P <0.01). ment also enhanced bacterial clearance in acid-instilled animals (D) ; the difference between the acid-instilled, no-tetracycline group (C) and the acid-instilled tetracycline group (D) was significant at 4 h (P < 0.01). A comparison of the two tetracycline-treated groups (B and D) revealed significantly reduced clearance in the acid-instilled group at 2 (P< 0.01) and 4 h (P <0.05). The bactericidal capacity of the lungs, k2, was calculated by the least squares method on a semilogarithmic plot of R against time assuming that tetracycline prevented bacterial multiplication but did not kill organisms; k2 was -1.4283 (76% fractional elimination per h) in controls and -0.5336 (41% fractional elimination per h) in acid-instilled animals (see Appendix). These slopes were significantly different (P < 0.01).
Clearance was similar at 1 h in all groups.
The logarithmic growth phase of the challenge organism in broth reflected a doubling time of 42 min after a lag period of 60 min. The calculated in vivo bacterial growth rate, ki, expressed as doubling time, was 170 min in control animals and 47 min in acidinstilled animals. The concentration of pneumococci suspended in broth containing tetracycline at concentrations of 5 and 10 itg/ml, did not change significantly over a 5-h period. In broths containing 1 ug/ml bacterial multiplication occurred while bacterial killing was observed at a concentration of tetracycline of 20 ,Ag/ml.
The concentration of tetracycline in serum of treated animals was 5.5 ,Lg/ml at 1 h, 4.3 /Lg/ml at 4 h, and 2.2 iAg/ml at 8 h after injection with tetracycline. DISCUSSION The number of viable pneumococci in the lungs of acidinstilled animals increased with time after an initial decline. This circumstance can be explained only by the occurrence of bacterial multiplication. The issues we then sought to address were the relative contributions of impaired defense mechanisms and enhanced bacterial growth to the change in net clearance and whether similar multiplication occurred in the lungs of normal animals but was obscured in the presence of intact defense mechanisms. The enhancement of net bacterial clearance by tetracycline in both control and-acidinstilled animals would be consistent with the latter hypothesis, although alternative explanations for these observations are possible. A major artifact may be produced in lung clearance studies if the site of deposition of airborne particles differs between test subjects (21) . Differences in site of deposition probably did exist between the acid-instilled and control animals in the present study and may have contributed to the difference observed in bactericidal activity between these groups. However, unless the site of particle deposition was affected by tetracycline administration this factor would not influence the comparison of bacterial clearance within the control and acid-instilled groups. Another possible artifact might have been the initial deposition of fewer bacteria in the tetracycline-treated groups leading to more rapid clearance in these animals. However, the differences in initial deposition between the no-tetracycline and tetracycline groups among controls and acid-instilled animals were not significant. Other investigators have reported that the fractional clearance of viable bacteria is independent of initial concentration over ranges encompassed by our data (5) . Further, when each study was analyzed separately, no correlation between initial deposition and fractional clearance was found in our data. Thus, these potential artifacts in the experiment do not seem to explain our results.
We conclude that multiplication of D. pneumoniae occurred in the lungs of both control and acid-instilled animals and that -such multiplication is an important determinant of net bacterial clearance of this organism. Early investigations on the mechanisms of lung bacterial clearance suggested that bacterial killing in the lung was accomplished by the alveolar macrophage after phagocytosis of the organisms (6). This concept has been generally accepted, although direct proof of the quantitative importance of this mechanism has not been presented. Since pneumococci are rapidly killed after ingestion by phagocytic cells (22) , our hypothesis of bacterial multiplication implies that some organisms deposited in the lungs were not ingested for a period of time. Further, the enhanced rate of bacterial multiplication which we observed in the acid-instilled animals could be explained by a larger fraction of inhaled bacteria being protected from contact with phagocytes. Nonquantitative morphologic observations have suggested that phagocytosis of bacteria in the lung occurs rapidly (6) . However, further clarification of the mechanisms and sites of bacterial killing and multiplication in the lung await the application of quantitative techniques.
Comparisons of the calculated rate constants for bacterial elimination and bacterial multiplication show that elimination was impaired and multiplication was enhanced in the acid-instilled groups. In fact, the observed net increase in the number of viable bacteria in the lungs of acid-instilled animals at 4 h can be explained only by changes in both parameters; reduced elimination or increased multiplication alone could not have produced this result (Fig. 2) .
The strict validity of our formulation of the interaction between bacterial multiplication and bacterial elimination depends on the independence of the rate constants ki and k2. We cannot be certain that such independence exists, although it seems more likely that each would be altered independently by various 
APPENDIX
After an initial lag phase an implanted bacterial population increases logarithmically at a constant rate, k1, which is determined by nutrient and physical elements of the supporting medium and inherent properties of the bacterium. We assumed that in vivo bacterial growth occurred at rate ki, after an initial lag phase of 60 min. It would be anticipated that k1 would differ between species of bacteria and that ki for. a given species might vary with local conditions in the lung.
Available data suggest that nonpathogenic bacteria deposited in the lung are eliminated exponentially with time.
We have described this process by a single logarithmic rate constant, k2, while recognizing that the process is due to the net effects of multiple mechanisms.
Thus, we postulate that the net change with time bacterial concentration in the lungs after deposition of a bacterial aerosol is controlled by these constants which are opposite in sign, or: dC/dt = (ki X C) -(k2 X C) dC/dt = C(k1 -k2) (1) where C = the concentration of bacteria in the lungs; t = time; k1= a constant representing the rate of bacterial growth; k2 = a constant representing the rate of elimination of viable bacteria in the lung. By rearranging and substitution we obtain: Ct = Coetkl-k2)t (2) where Ct = the concentration of bacteria in the lungs at time t; Co= the concentration of bacteria in the lungs at time 0.
Bacterial multiplication may be prevented by exposure to bacteriostatic antimicrobial agents. Thus, if k1= 0 in tetra-cycline-treated animals:
Ctet, = Ctete k't (3) where Ctett = the concentration of bacteria in the lungs of tetracycline-treated animals at time t; Ctet, = the concentration of bacteria in the lungs of tetracycline-treated animals at time 0. By dividing Eq. 2 by Eq. 3, we obtain: Ct/Ctet, = e k, (4) This relationship can be used to calculate the growth rate of bacteria in vivo or in broth.
